Plant transpiration plays a key role in sand-binding zones, but obtaining accurate estimates at an integrated leaf-individual-canopy scale is difficult. In this study, transpiration rates of two typical 
INTRODUCTION
Artificial vegetation restoration is considered to be one of the most effective ways to combat desertification and land degradation in arid desert areas (Wang ) . At present, a number of techniques are available for using field measurements to estimate daily stand transpiration rates through appropriate scaling methodologies (Chabot et al. ) . Transpiration in potted plants (Dugas et al. ) and herbaceous species (Senock & Ham ) is often estimated using leaf-level gas exchange techniques, and stand water use in forests is usually scaled from the sap flow of individual trees by diameter or sapwood area (Hatton & Wu ; Granier et al. ) . However, the suitability of these methods in revegetated desert areas remains unknown, and few studies have considered the scaling issues of transpiration estimates from an integrated leaf-individual-canopy scaling perspective. Furthermore, when scaling up an individual plant or tree transpiration to area-average estimates of stand water usage, various scaling factors have been proposed, ranging from tree basal area (Teskey & Sheriff ) and stem diameter at breast height (DBH) (Vertessy et al. ) to leaf area (Hatton & Wu ) and sapwood area (Dunn & Connor ) . Hatton & Wu () suggested that the xylem transfusion crosssectional area, leaf area, DBH and the area occupied by a single tree are all reliable spatially derived scaling factors, of which the leaf area is the most credible variable for the conversion of water consumption from a single tree to the scale of a forest stand (Oren et al. : Granier et al. ) , especially in arid desert areas (Li et al. ) . Furthermore, the deviation in the upscaling transpiration was reduced by almost half using leaf area as a basis compared with the above-mentioned other scaling factors (Ham et al. ; Nicolas et al. ) . Leaf area is, however, a dynamic variable that depends on the situation and temporal aspects, which have often been ignored in previous studies (Chabot et al. ; Delzon & Loustau ) .
This study is based on long-term measurements from April 2008 to October 2012. During this time period, gas exchange techniques with a portable photosynthesis system, sap flow measurements, and the crop evapotranspiration minus micro-lysimeter method were used to evaluate the transpiration of sand-binding plants at different scales. The specific objectives of the study were: (1) to quantify the daily, seasonal, and annual transpiration patterns of C. korshinskii and A. ordosica; and (2) to scale up transpiration from the leaf level to the stand level with dynamical leaf area-based extrapolation. We expected that the leaf area would be a standard scaling factor for upscaling transpiration in arid desert regions.
MATERIAL AND METHODS

Study area
The study was conducted in the Soil Water Balance Exper- were measured monthly from each sensor-wrapped stem using an LI-6400 photosynthesis system (Li-Cor, Lincoln, NE, USA) with a 6 cm 2 clamp-on leaf cuvette. Two to four leaves adjacent to the quantum sensors were selected and all leaves were from a south-facing canopy position at a height of 0.5 to 1 m. Each diurnal measurement began at 8:00 and ended at 20:00 (Beijing local time), with a 1 h interval. A total of 34 diurnal measurements were made during the 5-year study period.
Leaf area index (LAI) measurement
The leaf areas of the sensor-wrapped plants were measured twice monthly during the growing season using image analysis. With a standard scale board, the images were obtained using a digital camera (Canon Power Shot A550), as seen in Figure 1 . The digital images were processed using Finally, the actual LAI value was the difference between measurements during the growing season and those taken before leaf emergence (branch area index).
Meteorological and soil evaporation measurements
Precipitation was recorded using a tipping bucket-type rain During the no-rainfall period, continuous measurements were taken every day during the growing season of C.
korshinskii and A. ordosica, but during rainy days or missed data, measurements were calculated by interpolation, based on the data before and after the period of missing data.
Simulated canopy transpiration
The reference transpiration (ET) of the plant canopy was calculated following the FAO Penman-Monteith equation, according to standard FAO procedure (Allen et al. ) 
where K c is the crop coefficient. K c was deduced using the auto-weighing lysimeter method to determine the average evapotranspiration rates of C. korshinskii, A. ordosica, and sand (1.09, 1.01 and 0.68 mm d À1 , respectively) for the 6-year intermittent study period (1990-1995) . Thus the K c was 0.38 for C. korshinskii and 0.32 for A. ordosica in this study (Li et al. ) . Next, the mean transpiration of the plants canopy T d 0 ; mm d À1 was calculated as:
where E s (mm d À1 ) is the mean soil evaporation measured using micro-lysimeters.
Evapotranspiration calculation processes
Sap flow data were analyzed using the DGSF software (Dynamax Inc., USA) to determine hourly sap flow rates and cumulative sap flux. Daily average transpiration per unit leaf area was calculated according to the cumulative sap flux and leaf area. Given the following data processing schedule, the results were then compared to the measurements from the LI-6400 photosynthesis system. 
where A is a constant, B i is the coefficient of the polynomial, and t is the time (8 t 20) . Finally, the diurnal transpiration rate per unit leaf area (Tl) was obtained as:
Stem flow measurements from the individual plants were converted to the transpiration rate of whole trees per unit leaf area using the following expression: 
RESULTS
Daily transpiration rate using the photosynthesis system and sap flow measurements
The diurnal cycle of the transpiration rates of C. korshinskii 
LAI variations
The monthly variations in LAI and precipitation during the experimental period are illustrated in Figure 3 . LAI varied Plant canopy transpiration on a per unit ground area basis was calculated using Equation (6), and then compared with the actual ET minus soil evaporation as calculated by
Equations (1) 
CONCLUSIONS
A long-term transpiration study was conducted during the growing seasons from April 2008 to October 2012 using two xerophytic shrubs typically used in revegetation:
C. korshinskii and A. ordosica. Gas exchange techniques (using an infrared gas analyzer), sap flow measurements, and the crop evapotranspiration minus lysimeter method were used to evaluate plant transpiration at the leaf level, tree level, and stand level. Simultaneous measurements using the three methods were made diurnally and were 
